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Abstract
Using density functional theory calculations, the ground state structure of BaFeO3 (BFO) is
investigated with local spin density approximation (LSDA). Cubic, tetragonal, orthorhombic, and
rhombohedral types BFO are considered to calculate the formation enthalpy. The formation en-
thalpies reveal that cubic is the most stable structure of BFO. Small energy difference between the
cubic and tetragonal suggests a possible tetragonal BFO. Ferromagnetic(FM) and anitiferromag-
netic (AFM) coupling between the Fe atoms show that all the striochmetric BFO are FM. The
energy difference between FM and AFM shows room temperature ferromagnetism in cubic BFO
in agreement with the experimental work. The LSDA calculated electronic structures are metallic
in all studied crystallographic phases of BFO. Calculations including the Hubbard potential U, i.e.
LSDA+U , show that all phases of BFO are half-metallic consistent with the integer magnetic
moments. The presence of half-metallicity is discussed in terms of electronic band structures of
BFO.
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I. INTRODUCTION
Perovskite materials are very important both from theory and experiment point of view
due to ferroelectricity,1 spin dependent transport and magnetic properties.2 Magnetic oxides
are helpful in understanding the magnetic coupling through nanostructured interfaces.3–5
Particularly, those perovskite oxides that exhibit magnetic and ferroelectric characteristics
simultaneously, known as multiferroics, can have practical device applications such as spin
transistor memories, whose magnetic properties can be tuned by electric fields through
the lattice strain effect.6 Iron based perovskite oxides have very interesting properties due
to the different oxidation states of Fe, which gives rise to different crystal structures and
stoichiometries. A small number of oxides containing Fe in high valence state (Fe4+) are
known where Fe is surrounded by six oxygen atoms.7 BaFeO3 (BFO) is one of the examples of
the perovskite oxides with iron in valency +4 state. In cubic crystal of BFO, ferromagnetism
has been observed in the recent experiments.8 Ferromagnetism is found in pseudocubic BFO
on SrTiO3(STO) films.
9 There are also experimental reports on the successful growth of cubic
BFO on STO.10–12 Callender et al.,12 have epitaxially grown cubic BFO on STO and reported
week ferromagnetism with transition temperature 235 K. Fully oxidized single crystal of
BFO thin film also shows large saturation magnetization, in plane 3.2 µB/formula unit (f.u)
and out of plane 2.7 µB/f.u.
13 The reported lattice constant and saturation magnetization
of BFO in thin films is quite close to bulk BFO(a = 3.97 A˚) with no observed helical
magnetic structure.13 The absence of helical magnetic order in thin film might be due to small
energy barrier between A-type helical magnetic order and ferromagnetic (FM) phases.14 Very
recently, we also found distortion-induced FM to antiferromagnetic (AFM) and ferrimagnetic
transition in cubic BFO.15
Tetragonal BFO is also of great interest as it may be a multiferroic phase of BFO,16 and
Taketani et al.,10 have reported the epitaxially grown BFO thin films on STO (100) substrate
with a tetragonal crystal structure. Hexagonal BaFeO3−δ is expected to be the most stable
phase although various polymorphs have been observed with oxygen deficit BFO.17–20 Bulk
hexagonal BaFeO3−δ also exhibits an AFM to FM transition at 160 K.
21 Using density
functional theory (DFT), we found that strain and correlation also play a significant role in
the magnetic and electronic properties of orthorrhombic BFO.22 BFO can be alloyed with
other magnetic perovskites such as BiFeO3 to yield good multiferroic properties.
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The well studied ferroelectric BaTiO3 has different crystal structures, and shows different
crystallographic behavior at different temperature and pressure.23 Similarly, the multiferroic
BiFeO3 also has different crystal structures.
24–29 However, there is no comprehensive theo-
retical calculations on less studied perovskite BaFeO3 to investigate the true ground state
structure of stoichiometric BFO with the help of DFT. Hence, we use DFT to investigate
the equilibrium structure of BaFeO3.
II. COMPUTATIIOINAL METHOD
Calculations based on DFT are performed with plane-wave and pseudopotential method
as implemented in the Quantum Espresso package.30 The exchange correlation effects are
treated within the local spin density approximation (LSDA). The on-site Coulomb potential
U(=5.0eV)31 has also been added in LSDA to perform LSDA+U calculations to correctly
describe the electronic structure of BFO in different crystallographic phases. The ultrasoft
pseudopotentials are used to describe the core-valence interactions. The valence wave func-
tions and the electron density are described by plane-wave basis sets with kinetic energy
cutoffs of 30 Ry with 12×12×12 Monckhorst-Pack grid. All the computational parameters
are fully converged. We studied BFO in four different crystal structures i.e, cubic, tetrag-
onal, orthorhombic and rhombohedral with space groups Pm3m, P4mm, Amm2, R3m,23
respectivily.
III. RESULTS AND DISCUSSIONS
For different crystal structures (phases) of a material, it is very essential to optimize the
lattice constants (volume) either using DFT or Molecular Dynamics. We used DFT and
studied four different crystal structures of BFO i.e, cubic, tetragonal, orthorhombic, and
rhombohedral which are shown in Fig. 1 and their space groups are mentioned in Table I.
To optimized the lattice volume, we carried out DFT calculations in ferromagnetic(FM)
and non-magnetic(NM) states and then fitted the data using Birch Murnaghan equation
of state (EOS)32 (shown in Fig. 2), which enables us to estimate the equilibrium volume
(lattice constant). These plots show that the FM state is more stable than the NM state
in all crystallographic phases of BFO. The optimized volumes and lattice parameters in the
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FM states are summarized in Table I. For comparison purpose, the combined energy volume
(EV) curves in the FM states of all the studied structures are also shown in Fig.3. From
Fig.3 and Table I, it is inferred that the FM cubic BFO is the equilibrium (stable) structure
of BFO among all the studied structures. This work is also supported by recently work on
cubic BFO.33 After confirming the stability of FM state w.r.t NM state, further calculations
were performed to check the stability of FM w.r.t AFM state, in the (001) direction. We
used the relation △E = EAFM −EFM [where EAFM(EFM) is the total energy in AFM(FM)
state] to address the magnetic stability, and found that the FM state is more stable than
the AFM state as shown in Table I. We see that cubic BFO has the largest △E which
indicates possible room temperature ferromagnetism which is in agreement with the recent
experimental work on cubic BFO.10–12
Once it is confirmed that the FM state is more stable than the NM and AFM states
of BFO, we calculated the formation energies of BFO in different structural phases. The
calculated formation energy in each phase confirms the lowest ground state energy. The
formation energy is calculated by using the following formula,
△ Ef = E(BaFeO3)− [E(Ba) + E(Fe) + 3(
1
2
)E(O2)], (1)
where E(BaFeO3) is the total energy in any studied crystallographic phase (e.g. cubic)
and E(Ba), E(Fe), and E(O2) are the energies of BCC Ba, BCC Fe and oxygen molecule,
O2, respectivily. The formation energy of each system is shown in the Table I. The formation
energy of cubic phase is minimum (-3.85 eV) as noted in the EV curve (Fig.3) that cubic
structure is the most stable structure of BFO. At the same volume (equilibrium volume
of cubic BFO), the second most stable structure is tetragonal BFO (Fig.3). The small
energy difference between cubic BFO and tetragonal BFO clearly indicates a possible phase
transition to tetragonal BFO. Such a small energy difference can easily be recovered if
the cubic BFO is grown as a thin film on a suitable substrate, e.g., SrTiO3.
10 Note that
such a possible tetragonal BFO is supported by the experimental work.10 Furthermore,
when we expand the cubic unit cell, it cuts rhombohedral phase at volume slightly larger
than the equilibrium volume of cubic phase, so the third stable (metastable) phase is the
rhombohedral phase consistent with the formation energy (Table I). Note that similar crystal
stability was also observed in BiFeO3.
24
The calculated magnetic moment (MMs)/f.u of BFO in different crystal structures are
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shown in Fig.4, and in Table II the values of total and local MMs of Fe and O atoms in each
phases of BFO at equilibrium lattice volume are summarized. In Fig.4, for all the phases of
BFO, the magnetic moment increases with increasing volume and at some particular volume
(near equilibrium volume), it attains almost a constant value. The increase in MM with
lattice constant usually happens due to the decrease in the overlap between the orbitals, i.e.,
Fe and O atoms. The comparison of total magnetic moments of all the structures (Table II)
shows that the orthorhombic BFO has the lowest MM value due to its smaller volume/f.u
as shown in Table. I The total magnetic moments of cubic, tetragonal, and rhombohedral
phases are approximately the same because their equilibrium volumes are slightly different
from each other. The local MMs show that the major contribution to the total moment is
coming from the Fe atoms. Small induced MMs at O sites due to Fe-O hybridization can
also be seen. In cubic and rhombohedral systems, the Fe-O bond lengths are the same so the
local moments are also the same for all the three oxygen atoms. In the remaining structures,
due to different Fe-O bond length, oxygen atoms have different magnetic moments. These
different local moments of oxygen show different crystal symmetry of BFO. In BFO, Fe has
four unpaired electrons, all with high spin (spin up) state. This suggests that BFO should
have total magnetic moment of 4µB, but this is not the situation. The deviation from 4µB
is due to the strong hybridization of Fe with oxygen atoms. However, LDSA+U calculation
shows 4µB which suggests that the strong Fe-O hybridization reduces the magnetic moment.
Including the Columb-type repulsive interaction, i.e., U , decreases the Fe-O hybridization
that gives an integer magnetic moment value in each phase of BFO. The non-integer (integer)
values of the MMs in LSDA (LSDA+U) is also confirmed in the electronic structures which
are discussed in the the following paragraphs.
The electronic properties are also investigated in each phase of BFO using both LSDA
and LSAD+U (see Fig. 5). We noticed that the electronic properties of BFO in all studied
phases are showing almost similar behaviour and there is a transformation from metallic
to half-metallic phase in each case by including U . The total density of states (DOS) and
projected density of states (PDOS) of cubic BFO in LSDA show that cubic BFO is a metal
consistent with the non integer value of the magnetic moment. The contribution to the
total DOS separately from Fe and O atoms is also shown in the PDOS. The Fe d orbital
is further splitted into doubly degenerate eg and triply degenerate t2g states. From PDOS
it can be seen that there is a strong hybridization between Fe-eg and O-p states, while the
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Fe-t2g and O-p states are weakly hybridized. The strong coupling between Fe-eg and O-p
states is due to direct overlapping of these orbitals. The t2g states have minor contributions
in the majority spin states at the Fermi level. Such hybridization of Fe and O orbitals in
cubic BFO generates metallicity. However, including U has quite different effect on the Fe-d
orbitals. The DOS and PDOS for LSDA+U is also plotted in the same Figure 5(b). Due to
the introduction of correlation energy through the Hubbard-U term, a different behavior is
appeared in the minority spin states, creating a band gap of approximately 0.95 eV at the
Fermi level, giving a half metallic character to the cubic BFO. Such half metallic behavior
in perovskites is very important from application point of view. The Hubbard-U term has a
small effect on Fe-eg bands as these states are strongly hybridized with the O-p states while
increasing the localization of t2g bands. This (Hubbard U term) reduces the already small
t2g electrons hybridization with O-p states and shifting both the minority and majority t2g
states further away from the Fermi level. The shifting is from -5 eV to -7 eV below the
Fermi level in the spin up t2g states, and from 1 to 2 eV above the Fermi level in the spin
down t2g states. Our results are in well agreement with the previous ab-initio calculations.
34
The electronic structures of tetragonal, orthorhombic, and rhomohedral BFO are also
analysed, and the electronic structures are almost similar to cubic BFO. The DOS and
PDOS for tetragonal BFO is plotted in Fig.5, which shows the same behaviour as the cubic
structure but the band gap in spin down for LSDA+U is 1.02 eV which is larger than the
cubic BFO band gap. Similarly, the orthorhombic BFO is shown in Fig.5 and is showing
the same results as for cubic and tetragonal except a prominent pseudo gap in LSDA in
minority spin states just below the Fermi level which can also be shifted to Fermi level by
applying external strain.22 However, in LSDA+U calculations the band gap in the minority
spin state is 1.03 eV. We also expect that rhombohedral BFO (Fig.5) may show half-metallic
behavior under uniaxial strain, similar to orthorhombic BFO.22 The LSDA+U calculated
half-metallic band gap is 1.3 eV, which is larger than the other phases of BFO due to larger
volume of orthorhombic BFO.
IV. CONCLUSION
Density functional theory is used to predict the ground state crystal structure of BaFeO3.
Local spin density approximation (LSDA) was used for the exchange and correlation func-
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tional. Different crystal structures (cubic, tetragonal, orthorhombic, and rhombohedral) of
BFO are considered. LSDA calculations showed that cubic BFO has the lowest formation
enthalpy among the studied crystal structures. It is also observed that FM states of BFO are
more stable as compared with NM and AFM states. The electronic structures within LSDA
showed that all phases of BFO are metallic. To correctly describe the electronic band struc-
tures, further calculations were carried out using the LSDA+U approach. The LSDA+U
calculated band structures of BFO are half-metallic. The LSDA+U approach showed that
adding Hubbard like potential U deceased the hybridizations between the Fe d and O p
orbitals, and such reduced hybridization resulted half-metallicity in BFO. The calculated
magnetic moments showed integer (non-integer) values in LSDA+U (LSDA)calculations.
V. ACKNOWLEDGMENT
We acknowledge National Centre for Physics (NCP) Islamabad, Pakistan for providing
computing facilities.
∗ Electronic address: gulrahman@qau.edu.pk
1 R. E. Cohen, Nature 358, 136 (1992).
2 B. John, Reports on Progress in Physics 67, 1915 (2004).
3 H. Zheng, J. Wang, S. E. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao, L. Salamanca-Riba,
S. R. Shinde, S. B. Ogale, F. Bai, D. Viehland, Y. Jia, D. G. Schlom, M. Wuttig, A. Roytburd,
R. Ramesh, Science 303, 661 (2004).
4 R. Ramesh, N. A. Spaldin, Nat. Mater. 6, 21 (2007).
5 M. Sepliarsky, S. R. Phillpot, M. G. Stachiotti and R. L. Migoni, J. Appl.Phys. 91, 3165 (2002).
6 Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno and D. D. Awschalom, Nature
402, 790 (1999).
7 T. Matsui, H. Tanaka, N. Fujimura, T. Ito, H. Mabuchi, and K. Morii, Appl. Phys. Lett 81,
2764 (2002).
8 N. Hayashi, T. Terashima, and M. Takamo, J. Matter. Chem. 11, 2235 (2001).
9 T. Matsui, H. Tanaka, N. Fujimura, T. Ito, H. Mabuchi, and K. Morii, Appl. Phys. Lett. 81
7
,2764 (2002).
10 T. Matsui, E. Taketani, N. Fujimura, T. Ito, and K. Morii, J. Appl. Phys. 93, 6993 (2003).
11 B. Ribeiro, R. P. Borges, R. C. da Silva, N. Franco, P. Ferreira, E. Alves, B. Berini, A. Fouchet,
N. Keller, and M. Godinho, J. Appl. Phys. 111, 113923 (2012).
12 C. Callender, D. P. Norton, R. Das, A. F. Hebard, and J. D. Budai, Appl. Phys. Lett. 92,
012514 (2008).
13 S. Chakraverty, T. Matsuda, N. Ogawa, H. Wadati, E. Ikenaga, M. Kawasaki, Y. Tokura, and
H. Y. Hwang, Appl. Phys. Lett. 103, 142416 (2013).
14 Z. Li, T. Iitaka, and T. Tohyama, Phys. Rev. B 86, 094422 (2012).
15 G. Rahman, J. M. Morbec, R. Ferradas, V. M. Garcia-Suarez, and N. J. English, J. Mag. Mag.
Mat. 401, 1097 (2016).
16 F. Hong-Jian, and L. Fa-Min, Chin. Phys. B 17, 1874 (2008).
17 S. Mori, J. Am. Ceram. Soc. 49, 600 (1966).
18 J-C. Grenier, A. Wattiaux, M. Pouchard, P. Hagenmuller, M. Parras, M. Vallet, J. Calbet, and
M. A. Alario-Franco, J. Solid State Chem. 80, 6 (1989).
19 H. J. Van Hook, J. Phys. Chem. 68, 3786 (1964).
20 J. M. Gonzalez-Calbet, M. Parras, M. Vallet-Regi, and J. C. Grenier. J. Solid State Chem. 86,
149 (1990).
21 S. Mori, J. Phys. Soc. Jpn. 28, 44 (1970).
22 G. Rahman, and S. Sarwar, phys. status solidi B (2015).
23 M. Uludogan, T. Cagin, and W. A. Goddard. MRS Proceedings. Vol. 718. Cambridge University
Press, 2002.
24 J-H Lee, M-Ae Oak, H. J. Choi, J. Y. Sonc, and H. M. Jang, J. Mater. Chem., 22 1667 (2012).
25 J. F. Scott, Adv. Mater. 22, 2106 (2010).
26 W. Siemons, M. D. Biegalski, J. H. Nam, and H. M. Christen, Appl. Phys. Express 4, 095801
(2011).
27 J. P. Zhou, R. L. Yang, R. J. Xiao, X. M. Chen, and C. Y. Deng, Mater. Res. Bull. 47, 3630
(2012).
28 I. Levin, M. G. Tucker, H. Wu, V. Provenzano, C. L. Dennis, S. Karimi, T. Comyn, T. Stevenson,
R. I. Smith, and I. M. Reaney, Chem. Mater. 23, 2166 (2011).
29 V. Kothai, A. Senyshyn, and R. Ranjan, J. Appl. Phys. 113, 084102 (2013).
8
30 P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, D. L.
Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso, S. de Dironcoli, S. Fabris, G. Fratesi, R.
Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari,
F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G.
Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, R. M. Wentzcovitch, J. Phys. Condens.
Matter 21, 39 (2009).
31 Y. P. Liu, S. H. Chen, J. C. Tung, Y. K. Wang, Solid State Commun. 152, 968 (2012)
32 S. M. Yusuf, Pramana-j. phys. 63, 133 (2004).
33 M. Mizumaki, H. Fujii, K. Yoshii, N. Hayashi, T. Saito, Y. Shimakawa, T. Uozumi, and M.
Takano, phys. status solidi C (2015).
34 M. Godinho, C. Cardoso, R. P Borges, T. P. Gasche, J. Appl. Phys. 113, 083906 (2013).
9
(a) (b) (c)
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FIG. 1: (Color online)Crystal structures of cubic(a), tetragonal(b), orthorhombic(c) and rhombo-
hedral(d) BFO. All the structures have the same labelling of Ba, Fe, and O as in (a).
TABLE I: The LSDA calculated total volume per formula unit (vol/f.u), lattice parameters (a, b, c),
angles (α, β, γ), formation enthalpy (△Ef ), energy difference between AFM and FM states(△E
EAFM − EFM) and space groups of cubic, tetragonal, orthorhombic and rhombohedral crystal
structures. The volume (lattice parameter) is in units of a.u.3 (a.u.). The △Ef and △E are in
units of eV
.
System Vol/f.u a b c α β γ △Ef △E space group
Cubic 388.87 7.30 7.30 7.30 90o 90o 90o -3.85 0.25 Pm3m
Tetragonal 389.55 7.28 7.28 7.35 90o 90o 90o -3.84 0.07 P4mm
Orthorhombic 380.77 7.20 10.25 10.29 90o 90o 90o -3.80 0.13 Amm2
Rhombohedral 392.93 7.32 7.32 7.32 90o 90o < 90o -3.83 0.03 R3m
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TABLE II: The LSDA calculated Total Magnetic Moment of the system per f.u. and the local
magnetic moment of Fe, O1, O2 and O3. Total (local) moment is in units of µB.
System Total Moment of System/f.u Fe O1 O2 O3
Cubic 3.46 2.83 0.20 0.20 0.20
Tetragonal 3.44 2.81 0.23 0.19 0.19
Orthorhombic 3.34 2.74 0.19 0.20 0.20
Rhombohedral 3.42 2.80 0.21 0.21 0.21
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FIG. 2: (Color online) The LSDA calculated total energy(Ry) vs volume(a.u.3) curves for cubic(a),
tetragonal(b), orthorhombic(c) and rhombohedral(d) BFO. Filled (empty) symbols show FM(NM)
states of BFO.
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FIG. 3: (Color online) The LSDA calculated total energy(Ry) vs volume(a.u.3) curves in FM states
of cubic(fmc), tetragonal(fmt), orthorhombic(fmo) and rhombohedral(fmr) BFO.
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FIG. 4: (Color online) The LSDA calculated total magnetic moment/fu(in units of µB) vs vol-
ume/fu (a.u.3) for cubic(circle), tetragonal(square), orthorhombic(up triangle) and rhombohe-
dral(down triangle) BFO.
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FIG. 5: (Color online) The calculated total density of states(DOS) and projected density of
states(PDOS) in cubic(up left), tetragonal(up right), orthorhombic(down left) and rhombohe-
dral(down right) BFO. The left(right) pannel shows the result of LSDA(LSDA+U). The Fermi
energy is set at zero eV.
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